genes for CEA and MUC-1 as well as transgenes for 3 human costimulatory molecules (B7.1, ICAM-1, and LFA-3). 5 Docetaxel is a commonly used agent in treating patients with metastatic breast cancer. Our group has previously reported preclinical data indicating a synergistic effect of docetaxel with vaccine. 6, 7 Docetaxel was shown to be capable of altering human and murine carcinoma cell phenotypes, making them more amenable to T cell-mediated killing. In addition, a previous clinical trial demonstrated that docetaxel (with glucocorticoid coadministration) in combination with vaccine did not cause decreased immune responses in patients compared with vaccine alone. 8 As single agents, therapeutic cancer vaccines have often failed to affect short-term end points, such as median progression-free survival (PFS), despite improvement in long-term outcomes, such as overall survival (OS). [9] [10] [11] [12] [13] This pattern has also been seen with other immunotherapeutic agents, such as ipilimumab. 14 A tumor growth rate kinetics model created with clinical trial data may help to explain the improvement in OS without effect on PFS. Clinical trial data using effective therapeutic cancer vaccines appears to induce slowing of the tumor growth rate over time. 15 This process may take months to occur. We have hypothesized that the lag between initial vaccination and eventual slowing of tumor growth rate may explain the lack of improvement in PFS in previous vaccine monotherapy trials despite improvement in OS. If that hypothesis is correct, then combining therapeutic cancer vaccines with standard-of-care agents that can induce an improvement in PFS and not negatively affect the immune response may provide adequate time for the vaccine effect to occur, resulting in improved PFS for the combination treatment over the standard agent alone. 16 
Methods

Patient Eligibility
Participants were required to have radiographically evaluable metastatic breast cancer that had not been treated with docetaxel in the metastatic setting. There was no limitation on prior lines of systemic therapy or subtype of breast cancer. Participants were required to be at least 18 years old. They were also required to have acceptable hematologic parameters and organ function, an Eastern Cooperative Oncology Group (ECOG) performance status of 1 or lower, 17 no other malignant conditions within the preceding 12 months, no clinically active brain metastases, and no other significant medical illnesses or autoimmune diseases. Owing to the vaccinia vector used in priming, participants with a history of prior allergy or reaction to vaccinia-based vaccination or an open skin wound were also excluded.
Trial Design and Treatment
The primary end point was PFS, which was evaluated using a phase 2.5 trial design 18 intended to provide evidence of a trend toward a clinical benefit with the goal of informing a larger randomized clinical trial in the future. This pilot trial had an 80% power to demonstrate a trend toward benefit (defined as 1-sided P < .10), estimated to be 4.2 months with docetaxel alone and 8 months with docetaxel and PANVAC, with 24 patients per arm, a total of 48 participants. All participants provided written informed consent, and the study protocol (Supplement 1) was approved by the National Cancer Institute (NCI) and the University of Texas MD Anderson Cancer Center (MDACC) institutional review boards, and participants were enrolled at both institutions. Participants were randomized at a ratio of 1 to 1 to receive docetaxel alone (arm B), given 3 of every 4 weeks at a dose of 35 mg/m 2 , or in combination with PANVAC (arm A). The PANVAC priming dose (vaccinia) was given 3 weeks prior to the first cycle of docetaxel. All booster doses (fowlpox) were given on day 1 of each docetaxel cycle. Docetaxel was given on days 2, 9, and 16 of each 28-day cycle. Treatment was continued until disease progression or unacceptable toxic effects occurred. In arm A, if docetaxel treatment was discontinued for toxic effects, PANVAC could continue to be administered until disease progression occurred. PANVAC was manufactured by Therion Biologics Corporation as part of a Cooperative Research and Development Agreement between Therion and the Laboratory of Tumor Immunology and Biology, NCI. Vaccines were provided by the Cancer Therapy Evaluation Program, NCI.
Participants were enrolled from May 2006 to February 2012. Those enrolled at NCI and assigned to arm A received lowdose granulocyte-macrophage colony-stimulating factor (GM-CSF) (100 μg subcutaneously on the day of each vaccination and for 3 consecutive days thereafter, all near the vaccination site designed as a vaccine adjuvant) with PANVAC, while those in arm A at MDACC did not receive adjuvant GM-CSF with
At a Glance
• This is a randomized phase 2 study in metastatic breast cancer comparing PANVAC plus docetaxel to docetaxel alone (n = 48).
• The combination treatment of docetaxel with PANVAC may result in longer progression-free survival compared with docetaxel treatment alone (median progression-free survival, 7.9 vs 3.9 months; hazard ratio, 0.65 [95% CI, 0.34-1.14]; 1-sided P = .09).
• Injection-site reactions and the development of edema were significantly greater in the combination treatment arm.
• Patients in both arms developed measurable immunity to the immunizing antigens (not statistically significant).
Participants with HER2-positive disease who had previously progressed under treatment with trastuzumab were allowed to continue trastuzumab therapy while participating in this study. Progression was defined by RECIST criteria 1.0 (Response Evaluation Criteria in Solid Tumors). 19 Imaging studies (computed tomographic scans of the chest, abdomen, and pelvis and bone scans) were performed at baseline, after 3 months in the study, and then every 2 months thereafter. For participants with evaluable disease only at baseline, progression was defined by new lesions or measurable growth of existing, previously unmeasurable lesions. At progression, participants assigned to arm B (docetaxel alone) had the option to receive vaccine alone if their clinical status met all eligibility criteria.
Immune Assays
Peripheral blood mononuclear cells (PBMCs) were separated by Ficoll-Hypaque density gradient separation, washed 3 times, and preserved in 90% heat-inactivated human AB serum and 10% dimethyl sulfoxide in liquid nitrogen at a concentration of 1 × 10 7 cells/mL until assayed. Serum samples were collected in serum separator tubes, spun down, and stored at −80°C. The analysis of the frequency of PBMC immune cell subsets in patients before therapy (baseline) and at the time of restaging (after cycle 3 of docetaxel treatment) was assessed by multiparametric flow cytometry. One vial of cryopreserved PBMCs per time point was defrosted, counted, and 1 × 10 6 cells immediately stained to identify CD8 + T lymphocytes, CD4 + T lymphocytes, and T regulatory lymphocytes (Tregs) using the following antibodies: anti-CD8-PE-Cy7 (clone RPA-T8, BD Biosciences), anti-CD4-alexa fluor 700 (clone RPA-T4, BioLegend), anti-CD25-APC-Cy7 (clone M-A251, BD Biosciences), anti-CD127-FITC (clone A019D5, BioLegend), and anti-FoxP3-PE-Cy7 (clone PCH101
[eBioscience]). Antigen-specific responses were analyzed by intracellular cytokine staining following a period of in vitro stimulation (IVS) with overlapping 15-mer peptide pools encoding the tumor-associated antigens (TAAs) CEA, MUC-1, and brachyury. The TAA peptide pools were designed to contain agonist epitopes that have been previously identified [20] [21] [22] ; peptide pools encoding for HLA and CEFT (a mixture of cytomegalovirus, Epstein-Barr virus, flu, and tetanus toxin) served as negative and positive controls, respectively. Peptide mixes were purchased from JPT Peptide Technologies GmbH, reconstituted in dimethyl sulfide, and used immediately. Cryopreserved PBMCs obtained from patients before therapy and at the time of restaging were thawed and rested overnight at 37°C in 5% carbon dioxide in complete media (Iscove modified Dulbecco medium [IMDM; Gibco] supplemented with 10% human AB, 2mM glutamine, 100 U/mL of penicillin, and 100 μg/mL of streptomycin). The next day (day 0), PBMCs were seeded in 12 well plates (2.5 × 10 6 in 1 mL) and stimulated with peptide mixes The reproducibility of the IVS assay to measure antigenspecific immune responses has been tested by repeatedly assessing immune responders and nonresponders in independent experiments with similar results obtained in each assay. In addition, when the number of samples was large, requiring samples to be run in batches, internal controls were always included, and importantly, the pre-PBMC and post-PBMC values from a given patient were always run simultaneously to reduce assay variability.
Assays for the presence of soluble CD27 (sCD27) in serum samples were as described in detail previously. 23 
Statistical Methods
Analysis of the primary end point was performed with all eligible, randomized participants included, with the probability of PFS as a function of time estimated by the Kaplan-Meier method and the arms compared using a log-rank test. Secondary objectives included comparison of OS, specific T-cell responses to the target antigens of the vaccine, and other evi-dence of immune response, and comparison of the participants who did and did not receive GM-CSF adjuvant with vaccine.
An analysis of factors associated with time to progression was performed, initially using Kaplan-Meier curves and a logrank test to determine the effect of clinical and pretreatment immune response parameters. Continuous parameters were divided into 3 or 4 groups initially for this evaluation. When the initial analysis identified that combining patients into 2 groups would result in a potentially important difference with respect to progression, the P values were adjusted by multiplying the unadjusted P value by the number of implicit tests used to arrive at the final grouping. Those factors with unadjusted P < .05 in this univariate analysis were then included in a Cox proportional hazards model for evaluation of the effect of the joint effect of treatment along with the other potentially important factors.
Time since last chemotherapy was considered as the number of days between the last treatment and the day of enrollment in the trial, and the association between number of days since last chemotherapy (among those with last chemotherapy in the past 3 months on the combination arm) and PFS was determined by the Kaplan-Meier method and a log-rank test with the hazard ratio (HR) based on a Wald test from a Cox model.
Comparisons between groups with respect to continuous parameters were performed using an exact Wilcoxon rank sum test, and paired differences between time points of parameters were tested for their difference from 0 using a Wilcoxon rank sum test. The Fisher exact test was used to compare dichotomous parameters between groups. Except as noted, all P values are 2-tailed and reported without any adjustment for multiple comparisons. Analyses were performed using SAS software, version 9.3 (SAS Institute Inc).
Randomization Methods
Patients were randomized centrally, using a locally written SAS software program to generate a random 1 to 1 sequence of assignments to treatment, using variable block sizes (2 or 4), with parameters for assignment determined by the study statistician (S.M.S.). Patients were originally randomized without stratification, but after later amendments, randomization was stratified according to trastuzumab as well as sargramostim use. The randomization assignment sheets were maintained confidentially in a central registration office; the treatment assignment for a given patient was only disclosed to the study research team by a member of the central registration staff after confirming full eligibility. Table 1) . There was no statistical difference in any baseline characteristic (P > .20 for all comparisons, Table 1 ). The patient population for the study was heterogeneous by current standards of breast cancer clinical trial design in terms of biologic characteristics and prior treatments, but there were no statistically significant differences in baseline characteristics between groups (P > .20 for all comparisons, Table 1 ).
Results
Patient Baseline Characteristics
Safety
There were no differences in toxic effects between arm A and arm B, with the exception of higher rates of injection site reactions and edema in arm A ( Table 2 ). The incidence of edema corresponded to the number of cycles of docetaxel received, which was higher in arm A (median number of cycles was 5; range, 0-17) than in arm B (median number of cycles was 3; range, 1-15) owing to prolonged PFS. There were no grade 4 toxic effects in either arm. Dose reductions and delays were similar between the arms. In arm A, 9 patients had dose reductions; 13 had dose delays; and 14 had dose delay or reduction. In arm B, 7 patients had dose reductions; 11 had dose delays; and 13 had dose delays or reductions. The likelihood of toxic effect causing delay or reduction in dose was more likely in patients who received multiple cycles, related to the cumulative toxicity of docetaxel. 
Clinical Outcomes
The study was powered to detect a trend toward improvement in PFS. The median PFS in arm A was 7.9 months compared with 3.9 months in arm B (1-sided P = .09; HR, 0.65 [95% CI, 0.34-1.14]), indicating a trend toward improvement in the combination arm ( Figure 2) . The overall confirmed partial response rate in arm A was 16% compared with 13% in arm B.
There was a notably higher confirmed partial response rate at NCI (24%) than at MDACC (4%). The median number of vaccines administered in arm A was 8 (range, 2-20). Only 4 patients were eligible and opted to cross over to vaccine after disease progression with docetaxel alone (arm B). The PFS in arm B was measured to the date of first progression, and further clinical outcome data on the patients who crossed over is not reported owing to the small sample size. Since the overall result demonstrated a trend toward benefit with vaccine, we undertook an analysis to determine if this association would remain if clinical and immune response parameters were included in a Cox model. The following parameters were all considered for evaluation: time since last chemotherapy, pretreatment sCD27, CD4/Treg ratio, Tregs, age at time of study enrollment, age at diagnosis, ECOG status, sex, estrogen receptor (ER)/progesterone receptor (PR) status, HER2 status, time from diagnosis to enrollment, time from diagnosis to metastases, and metastatic disease at diagnosis. By univariate analyses, time since last chemotherapy (<30 vs ≥30 days; P = .02), CD4/Treg ratio (<0.20 vs >0.20, unadjusted P = .02; adjusted P = .048), Tregs (<20 vs >20, unadjusted P = .02; adjusted P = .06), and ER/PR status (positive vs negative, P < .001) were considered for evaluation in a Cox model along with treatment arm to determine the association of treatment arm with PFS after accounting for potential prognostic factors. After backward selection, we found that the combination treatment (HR, 0.60; 95% CI, 0.30-1.19; 2-tailed P = .14; 1-tailed P = .07) retained its trend toward association with PFS after adjusting for higher Tregs (HR, 0.30; 95% CI, 0.13-0.72; 2-tailed P = .007) and for patients having ER + /PR + status (HR, 0.11; 95% CI, 0.04-0.27; 2-tailed P < .001).
Effect of Time Since Last Chemotherapy
Patients treated at MDACC had a shorter time since last chemotherapy (median, 34.0 days; range, 15-198 days) than patients treated at NCI (median, 192.0 days; range, 25-2800 days; P < .001). The median (range) time since last chemotherapy in the docetaxel alone arm (arm B) was 199.5 (25-2800) days for patients enrolled at NCI vs 43.0 (15-198) days at MDACC (P = .07). For the combination treatment arm (arm A), the median (range) time since last chemotherapy was 192 (27-1607) days for patients enrolled at NCI vs 30 (20-175) days at MDACC (P = .003). There was a trend toward improvement in median PFS in arm A for patients with more than 30 days since prior chemotherapy (n = 13) compared with those patients with less than 30 days since last chemotherapy (n = 6) (9.4 months vs 5.8 months), although the trend was not statistically significant (P = .12). Our group has previously reported 23 that sCD27 plays a role in T-cell activation and that levels of sCD27 in serum samples from healthy donors are greater than levels in serum from patients with prostate cancer. Herein we report that sCD27 levels in serum are also lower in patients with breast cancer than in healthy donors (P < .001) ( Figure 3A) . Moreover, the pretreatment levels of sCD27 were somewhat lower in patients treated at MDACC than in those treated at NCI (6.4 vs 19.2 U/mL; P = .08; Figure 3A ). This may be due to the differences between the 2 centers in the patients' time since last chemotherapy prior to entering this trial.
Immune Assays
Sufficient PBMCs were available from patients in the docetaxel alone arm (arm B; n = 15) and the docetaxel plus vaccine arm (arm A; n = 16) to analyze antigen-specific immune responses before vs during therapy (at first restaging, approximately day 85 from start of docetaxel regimen) using intracellular cytokine staining. Eleven (69%) of 16 patients in the docetaxel plus vaccine arm developed T-cell responses to 15-mer peptide pools of the TAAs CEA, MUC-1, and/or brachyury during treatment, while 8 (53%) of 15 patients in the docetaxel alone arm developed T-cell responses to these TAAs during treatment. In analyses of immune responses to the 2 transgenes (CEA and MUC-1) in the PANVAC vaccine, 6 (40%) of 15 The combination treatment group underwent a median of 5 treatment cycles over 7.9 months; the docetaxel group, 3 cycles over 3.9 months (1-sided P = .09, which met the predefined statistical definition of P Յ .10); hazard ratio, 0.65 (95% CI, 0.34-1.14). Median potential follow-up was 42.8 months.
arm developed CEA and/or MUC-1 responses. In the NCItreated patients, 3 (30%) of 10 in the docetaxel alone arm vs 7 (70%) of 10 in the combination arm developed CEA and/or MUC-1 responses. Thus, owing to the small number of patients in each cohort, these results are descriptive only.
There was also no statistical correlation seen between the generation of TAA-specific immune responses in PBMCs and time to progression in either arm. 
Discussion
This trial was designed to show a trend in improved PFS in the combination docetaxel plus vaccine treatment arm vs the docetaxel alone arm. The trend of improved PFS in the combination arm (7.9 vs 3.9 months; Figure 2 ) thus informs a potential larger multicenter randomized trial. The trial reported herein was a dual-center study conducted at NCI and MDACC. Both centers entered approximately the same number of patients in each arm. Some interesting observations can be made concerning patient baseline characteristics. Patients in both arms treated at MDACC had a shorter interval since last chemotherapy (median of 34 days vs a median of 192 days at NCI). And for those patients in the combination arm who received chemotherapy greater than 1 month prior to entering this trial, there was a trend toward longer PFS (median PFS, 9.4 months in arm A vs 5.8 months in arm B), although the trend did not reach statistical significance (P = .12). This observation could be owing to at least 2 non-mutually exclusive factors: (1) patients at MDACC had more advanced or progressive disease and thus required a subsequent therapy sooner, and/or (2) the short interval since the last chemotherapy reduced the capacity of the patient to respond to vaccine therapy. This is supported by the sCD27 results seen in Figure 3A , in which patients enrolled at MDACC had a statistically significant lower pretreatment level of serum sCD27 than patients enrolled at NCI (6.4 vs 19.2 U/mL; P = .08). Our research group 23 has previously shown sCD27 to be a stimulator of effector T cells, and serum sCD27 levels in patients with prostate cancer were lower than those in healthy participants. The findings reported herein also support earlier findings using another vaccine (rF-CEA-TRICOM) in patients with advanced carcinoma 24 ; in that study there was a direct correlation between the length of time since last chemotherapy and immune response to vaccine. Another factor in the interpretation of the results of the trial reported was that patients at NCI received GM-CSF along with vaccine while patients at MDACC did not. In both preclinical and GM-CSF in combination with a similar vaccine platform, ie, PROSTVAC, in patients with prostate cancer, but the results were inconclusive. Subsequently, an international phase 3 study of PROSTVAC vaccine in 1200 patients with assymptomatic prostate cancer has recently completed accrual (NCT01322490). In that trial, patients (n = 400 per arm) received PROSTVAC vaccine, PROSTVAC vaccine plus GM-CSF, or placebo.
In the present study, T-cell immune responses in PBMCs to the 2 transgenes (CEA and MUC-1) in the vaccine and a cascade antigen not in the vaccine (brachyury) were seen after therapy in both arms. Eleven (69%) of 16 patients developed immune responses after therapy to CEA, MUC-1, or brachyury pools of 15-mer peptides in the combination arm, and 8 (53%) of 15 patients developed these responses in the docetaxel alone arm; these results were not statistically significant. Similar responses to brachyury 15-mer peptides were seen after therapy in both arms. Although there is no clear relationship between the evaluated T cell-specific response to CEA and MUC-1 and PFS, this finding is not without precedent in the field of cancer immunotherapy. 28 One possible explanation is that tumor-associated T cells observed in PBMCs do not necessarily reflect those at the site of the tumor. Unfortunately, it was not feasible to obtain tumor biopsy specimens in these patients with metastatic breast cancer. Another possibility is that after vaccination against target antigens (CEA and MUC-1), T cell-mediated killing results in antigen cascade, and more ideal candidate antigens are selected, resulting in expansion of a population of T cells against an unknown antigen, which was not measured in this analysis.
Because of these limitations, we explored other markers of immune activation and response as correlatives of clinical benefit. Patients in the combination arm also had a greater increase in posttreatment ratio of CD4 to Tregs than patients in the docetaxel alone arm ( Figure 3B ). It has previously been shown that docetaxel alone has immune modulatory effects. Preclinical in vivo murine studies and in vitro studies involving murine and human T cells 6, 7 have shown that docetaxel can alter the phenotype of tumor cells to render them more susceptible to T-cell lysis. In the trial reported herein, this could have initiated a cascade of immune responses mediated by T cells at the tumor site.
Conclusions
We demonstrate herein the ability to safely combine vaccine therapy with a standard-of-care chemotherapy. This study was powered to detect a trend toward improvement in PFS. The results suggest that the combination therapy of PANVAC with docetaxel in metastatic breast cancer may provide a clinical benefit. The clear separation of the treatment arm curves indicates potential benefit, which meets the prespecified parameters of the trial design, but the difference was not statistically significant, likely owing to the small number of participants enrolled. The small patient population size, its heterogeneous character, and an unknown effect of GM-CSF are limitations of this trial. However, the intriguing findings in this hypothesis-generating study provide both rationale and statistical assumptions on which to base a larger, appropriately powered and designed definitive randomized clinical trial in a more uniform patient population, such as patients with ER + /PR + tumors who have not previously received cytotoxic chemotherapy. 
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